Abstract. High-resolution transmission electron microscopy observations and magnetic ac susceptibility measurements have been carried out to study the changes in the magnetic properties of La 1−x Sr x CoO 3 samples (x 0.3) processed at different annealing temperatures, ranging from 1273 to 1573 K. Although neutron diffraction excludes the coexistence of distinct phases with different chemical composition, room temperature micrographs taken along the [0, −1, 1] rhombohedral zone-axis show bright fringes of different widths, extending over regions with sizes ranging from 8 to 40 nm. These regions are detected in all the samples, whatever the Sr content or the annealing temperature T a . However, their number depends strongly on the processing conditions and becomes smaller and smaller as T a increases. The periodicity of the bright fringes cannot be accounted for, either by variations in the sample thickness or by crystallographic defects, but it can be simulated if the presence of aperiodically alternate Sr-rich and La-rich (0, 1, 1) planes is assumed. On the other hand, the susceptibility measurements show that the amount of ferromagnetic phase present in each specimen depends on its thermal history. This suggests that the segregation of a second electronic phase takes place, the nucleation of which is influenced by the spatial homogeneity of the dopant distribution.
Introduction
The discovery that in mixed-valent manganites a huge variation of electrical resistivity can be induced by a small, external magnetic field (colossal magnetoresistance) [1, 2] has raised a great deal of attention on perovskite systems. Colossal magnetoresistance (CMR) arises from competition between metal and insulator states and recently Uehara et al have demonstrated that percolative phase separation underlies this interesting phenomenon [3] . Using transmission electron microscopy (TEM) to study the microstructure of the La 1−x−y Pr y Ca x MnO 3 system, these authors demonstrated the coexistence of a charge-ordered, insulating phase and a chargedisordered, ferromagnetic-metallic phase, over a broad range of the Pr : La ratio. This coexistence is not simply due to chemical inhomogeneity. By a combination of techniques Uehara et al [3] were able to exclude the presence of chemical phases with different composition. On the other hand, the length scale of the phase separation they observed (hundreds of nanometres) was too large to be due to electronic charge segregation into magnetic clusters. A number of studies addressing the nature of this electronic phase separation in manganites have already appeared [4] [5] [6] [7] .
Another perovskite system where magnetic properties, structural distortions and electrical transport behaviour are intricately entangled is La 1−x Sr x CoO 3 . Changes of the cobalt spin configuration with temperature and Sr concentration give a rich variation of magnetic and transport properties that has attracted considerable interest over the last four decades [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Moreover, a large negative magnetoresistance ratio has been observed [18, 19] for low Sr doping, that appears to be analogous to the CMR found in some manganese perovskites.
At a low temperature, the parent compound LaCoO 3 is a diamagnetic insulator, the Co 3+ ions being all in the low spin 1 A 1 state (S = 0). Thermal excitation of higher spin configurations takes place above ≈ 90 K [9, 17] [11, 20, 21] . At low doping ranges, x < 0.1, a freezing of the magnetic moments into a spin-glass phase has been proposed [17, 22] . In the range 0.1 x < 0.2, the intermediate spin (IS) clusters become larger, and superparamagnetic below a Curie temperature T C ≈ 230 K. A collective freezing of the cluster magnetic moments at a temperature T g < T C is suggested by the observation of spin-glass-like characteristics in the magnetization and susceptibility curves [23] . For higher Sr content, x > 0.20, the ferromagnetic clusters reach a percolation threshold, and the system shows bulk ferromagnetism below T C ≈ 230 K [24] .
On the basis of ac magnetic susceptibility and magnetization measurements, Anil Kumar et al proposed that the origin of the unusual magnetic behaviour reported for La 1−x Sr x CoO 3 [11, 24] must be searched for in the presence of compositional inhomogeneity, rather than attributed to a dependence of the cluster-size upon temperature and doping level [25] . They showed that the magnetic properties are strongly influenced by the processing conditions and that a well-defined spin glass behaviour is obtained, for x < 0.18, only for samples annealed at T 1500 K. Earlier high resolution TEM observations have given, in fact, direct evidence for an inhomogeneous distribution of the Sr 2+ ions, and the segregation of the material into holerich ferromagnetic regions embedded in a hole-poor semiconducting matrix [22] . However, neutron diffraction studies do not show any indication of two phases with different chemical composition extending over macroscopic regions [22, 26] . A simple chemical phase separation does not seem sufficient to explain the complex magnetic and transport properties of the system.
To obtain more information on this intricate subject, we have carried out new experiments on La 1−x Sr x CoO 3 samples (x 0.3) processed at different annealing temperatures. Using high-resolution transmission electron microscopy and ac susceptibility measurements, we show that the amount of ferromagnetic material present depends on the thermal history, but we argue that an electronic phase segregation is accomplished as a result of dynamic, cooperative oxygen displacements. [11] . The cobalt nitrate was first dissolved in water and the cobalt content in the solution was determined gravimetrically with anthranilic acid as precipitating agent. Known volumes of the cobalt solution were then mixed with corresponding lanthanum and strontium nitrate solutions, obtained by dissolving in nitric acid weighted amounts of dry La 2 O 3 and SrCO 3 . Co-precipitation at pH 11 was achieved by adding aqueous solutions of KOH and K 2 CO 3 as precipitating agents. The precipitates were carefully washed, dried, and then decomposed at 1023 K. The obtained precursor powders were pressed into pellets, heated in air for 24 hours at different temperatures (T a = 1273, 1373, 1473 and 1573 K), and then cooled very slowly to room temperature (at 0.3 K min −1 down to 973 K and at 0.7 K min −1 thereafter). The product materials were examined by x-ray powder diffraction with a Philips PW 1729 diffractometer and Cu Kα = 1.5418 Å radiation. NaCl was used as an internal standard. All the samples were single-phase materials. The thermal stability of all the materials was checked by differential thermal analysis and thermogravimetric analysis, with a Perkin-Elmer system. Iodometric titrations were carried out to analyse the oxygen content of the materials. The samples were dissolved in acidified KI solutions, and the I 2 generated was titrated against a thiosulphate solution. The whole process was carried out under a nitrogen atmosphere. The iodometric titrations revealed that the samples are stoichiometric in oxygen. Particle size and morphology of the samples annealed at 1273 K were studied with a JEOL 6400 SEM microscope. The co-precipitated samples showed individual particles with quite perfect spherical shapes with sizes between 700 and 900 nm.
Experimental details
High-resolution transmission electron microscopy observations were carried out with a Philips CM200 microscope offering a point to point resolution of 0.27 nm. The samples were prepared by depositing the powder material on a carbon-coated copper grid.
Real and imaginary components of the external complex ac magnetic susceptibility were measured as a function of temperature with a Lake Shore 7000 system, using a mutual inductance technique. The calibration was performed using a Gd 2 (SO 4 ) 3 ·8H 2 O paramagnetic standard with the same shape and size as the investigated samples. Demagnetizing effects have been taken into account in the calculation of the so called internal susceptibility. Data were collected on warming from 13 to 300 K, after zero field cooling of the sample, with a driving field of amplitude H 0 = 3.75 Oe, oscillating at a frequency of 1 kHz. The temperature of the sample was controlled with an accuracy of about 0.1 K.
Results
The real part of the linear magnetic ac susceptibility, χ , measured for x = 0.10 samples annealed at T a = 1273 and 1373 K, is shown as a function of temperature in figure 1. For the sample annealed at 1273 K, an onset of the signal is observed at about 240 K. Ferromagnetic order with a correlation length of about 600 Å, and an ordered moment µ 0 = 0.3(1)µ B at T = 2 K, has been observed on the same sample by neutron diffraction [22] . The small value of the ordered moment suggests that the ferromagnetic phase occupies only a fraction of the total volume. This is consistent with the lack of a sharp transition at ≈ 240 K in the χ curve, which also suggests a distribution of T C values in the ferromagnetic regions. The maximum in the susceptibility, at around 60 K, has been attributed to spin-glass-like freezing in the volume of the material that is not ferromagnetic, consisting of superparamagnetic sized clusters. Annealing at higher temperatures suppresses the ferromagnetic transition, and a cusp-shaped susceptibility curve is obtained, with a maximum at 34 K. Although the shape of this curve is similar to that of a spin-glass system, no frequency dependence of the maximum position has been observed in the range of frequency between 1 and 10 4 Hz. The lack of frequency dependence indicates that the clusters' moments are strongly coupled between themselves and with the ferromagnetic regions.
The evolution of the magnetic susceptibility with annealing temperature for the samples with higher Sr content is shown in figures 2 and 3. For x = 0.15, the changes in the magnetic behaviour are similar to those observed for x = 0.10. The magnetic transition below 240 K becomes gradually less evident as T a increases, until a cusp-shaped curve with a maximum at 65 K is obtained for T a = 1573 K. For the sample annealed at T a = 1273 K, neutron diffraction showed the occurrence of ferromagnetic order below T C = 230 K, with a correlation length of about 700 Å and an ordered moment µ 0 = 0.52(1)µ B , at T = 2 K [22] . Now we see that the fraction of material ferromagnetically ordered becomes smaller and smaller with increasing annealing temperature, until a spin-glass-like behaviour is obtained. In fact, the position of the maximum susceptibility for the x = 0.15 sample annealed at T a = 1573 K is frequency dependent, with a dynamic behaviour similar to that characterizing canonical spin-glasses. In particular, from the frequency dependence of the susceptibility maximum, a critical slowing down of the relaxation time was derived, with a critical exponent α = 6.4 and a prefactor τ 0 = 8 × 10 −10 . For canonical spin-glasses, a critical exponent α = 7 is expected. The change of the magnetic response with annealing temperature is different for samples with x 0.20. As T a increases, the shape of the susceptibility curve resembles more and more that of a typical ferromagnet. Going from T a = 1273 K to T a = 1573 K, the transition temperature shifts towards 220 K, whilst the magnitude of the susceptibility at T C increases continuously. For the samples annealed at T a = 1273 K, neutron diffraction has given a lowtemperature ordered moment increasing from 1. The fringes' periodicity is non-uniform and varies from microcrystal to microcrystal in the same sample (figures 4(a) and (b)). The bright fringe regions with sizes ranging from 8 to 40 nm were detected in all the samples, whatever the Sr content or the annealing temperature. Only their number was found to be strongly dependent on the processing conditions, becoming smaller and smaller as T a increases. Their presence and their spatial distribution cannot be accounted for either by variations in the sample thickness or by crystallographic defects. As shown by image simulations, the fringes could indicate the existence of aperiodically alternate Sr-rich and La-rich (0, 1, 1) planes.
An example of such a simulation, performed with the software package described in [27] , is shown in figure 5 . Once the crystal structure and the experimental conditions (sample orientation and absorption, electron beam energy and convergence, spherical and chromatic aberration coefficients) are assigned, the software package uses the so-called multi-slice method to calculate the electron density distribution at the exit face of the crystal [27] . The sample is, ideally, sliced perpendicular to the direction of observation, and a phase grating is created by projecting the potential within each slice into a plane. Successive phase-object functions modify the incoming wave and propagate it between the slices. Different periodicity for the bright fringes can be obtained simply by changing the repetition ratio between Sr-rich and La-rich planes. But also interestingly enough, the images shown in figure 4 are very similar to those reported by Mori et al for La 1−x Ca x MnO 3 , and are attributed to charge stripes [28] . Another possibility would be that the observation of these bright fringes is giving evidence for the formation of a charge pattern, similar to the one reported for the manganites, for which the amount of ferromagnetic phase depends also on the thermal history of the sample [29] .
It must be noticed that no superstructure spots were detected in any of the various crystallites selected and oriented along different zone axes. Moreover, high resolution neutron diffraction measurements seems to exclude the coexistence of distinct phases with different chemical composition. Indeed, with increasing x, the volume of the unit cell expands sharply in the range 0 x 0.1, and increases linearly with x, for x > 0.1. As a result of this expansion, and the decrease of the rhombohedral distortion, the neutron diffraction patterns for La 1−x Sr x CoO 3 compounds differ from one another for different values of x. As an example, we show in figure 6 a selected angular region of the neutron diffractograms recorded for the x = 0.10 and x = 0.30 samples annealed at 1273 K. The solid line is the Rietveld profile, which best reproduces the experimental data in the whole spanned angular range [22] . The peaks corresponding to the two compositions are well separated. The presence of a large amount of an x 0.3 phase (more than 20%) in the x = 0.10 sample, as suggested in [25] , would therefore be easily detected. On the contrary, neither extra peaks nor broadening of the Bragg lines have been observed. Of course, the presence of small Sr-rich clusters extended over 10-20 Å would not be detected by such an experiment.
Discussion
Where the critical temperature for segregation of a localized-electron and an itinerant-electron phase is too low for atomic diffusion, phase segregation may be accomplished by atomic displacements. In transition-metal AMO 3 oxides with the perovskite structure, an oxygen displacement within a (180
• − φ) M-O-M bond introduces a shorter M-O bond on one side and a longer one on the other. Cooperative oxygen displacements can segregate domains with shorter metal-oxygen bonds from those with longer bonds. In a mixed-valent system, higher oxidation states are stabilized in the domains with shorter M-O bonds [30] . In this way an electronic phase separation is accomplished without the introduction of the chemical inhomogeneities that characterize a conventional phase segregation by atomic diffusion. Such a situation has been suggested [30] to be responsible for the CMR phenomenon in the manganese-oxide perovskites and, we argue, could explain the magnetic behaviour of Sr doped LaCoO 3 . The phase segregation would allow the phase boundaries to be mobile. Where one phase is ferromagnetic with a Curie temperature significantly higher than the other phase, superparamagnetic clusters may be stabilized above the long-range ordering temperature T C of the matrix and spin-glass behaviour may be found below T C , in the absence of any measurable chemical inhomogeneity.
The cooperative oxygen displacements can be dynamic. In that case, the oxygen vibrational modes would be correlated to the e g electron configuration, as the Jahn-Teller electronic ordering is fast, relative to the atomic vibrations. As pointed out by Goodenough et al for gallium doped manganites [31] , the coupling of the vibrational modes and the e g configuration affects the interatomic spin-spin interactions and the transport properties of the system. The existence of vibronic electronic states in Ca-doped manganites has been confirmed by measurements of the thermoelectric power in 18 O/ 16 O isotope-exchanged samples [32] . In this vibronic phase, trapped polarons form extended hole-rich domains, as in a mobile chargedensity wave [32] .
Substitution of Sr 2+ for La 3+ in LaCoO 3 oxidizes the CoO 3 array. The origin of the ferromagnetic interactions in Sr doped LaCoO 3 seems to be the double exchange mechanism [33] between Co 3+ and Co 4+ , analogous to the parent manganites [34, 35] . However there are some differences with respect to them, as revealed in investigations of mixed Mn-Co perovskites [12] and in measurements of critical exponents at T C [36] . Antiferromagnetic interactions have been attributed to superexchange interactions between Co 4+ -Co 4+ and highspin Co 3+ -Co 3+ [23] , or to a long-range Ruderman-Kittel-Kasuya-Yosida (RKKY)-type interaction between Co 4+ -Co 4+ , whose magnitude and sign would depend on the distance between the involved ions [17] , like in common SG systems [37, 38] . If the concentration of dopants in a double-exchange system is increased, a phase segregation can take place [39] . The Co(IV) : t 5 e 0 ions are in a low-spin state, and the stronger Co(IV)-O covalent bonding stabilizes, to the lowest temperatures, an intermediatespin state (S = 1, t 5 e 1 ) at neighbouring trivalent cobalt sites. The antibonding e 1 electrons are shared with the Co(IV) ions within an IS molecular-orbital cluster and couple the localized t 5 configurations ferromagnetically. Below a critical temperature T C , the clusters become superparamagnetic within a Co 3+ -ion matrix, in which the IS configurations remain localized and paramagnetic. A strong deviation of the high-temperature magnetic susceptibility from the Curie-Weiss behaviour (for samples with x > 0.2) indicates that the system enters into a cluster-fluctuation regime below about 300 K [26] . Evidence for a dynamic phase separation, where manganese clusters oscillate between a ferromagnetic metallic phase and a non-magnetic phase with higher electrical resistance, has recently been obtained in La 2/3 Ca 1/3 MnO 3 [40] . A similar situation could occur in La 1−x Sr x CoO 3 . However, the techniques we used for our study do not allow us to address this aspect.
The occurrence of a long-range ferromagnetic order corresponds to a percolation threshold for IS metallic clusters. However, the observation by neutron diffraction of a ferromagnetic spin-correlation length of several hundreds of angstroms, even for Sr doping as low as x = 0.10, indicates the presence of regions where ferromagnetic coupling is occurring before the percolation threshold is reached. We suggest that for x 0.2 and low T a , these regions are formed by interconnected magnetic clusters. The net magnetic moment is eliminated if the interconnecting paths are suppressed, and this can occur upon an increase of T a due to a chargecarrier redistribution. The onset of the magnetic susceptibility around 240 K would therefore indicate the development of spin correlation inside regions with interconnected clusters, whilst the anomaly observed below 60 K would signal the freezing of the isolated cluster moments. The cluster phase has a peculiar dynamic behaviour, with an ageing effect in the time relaxation of dc magnetization [41] . We have recently observed that this ageing effect takes place not only below the peak temperature in ZFC dc magnetization, but also at any temperature below T C . This indicates a collective dynamics of the ensemble of interacting cluster moments, which progressively block with decreasing temperature before freezing together at about 60 K.
By increasing the annealing temperature, a charge-carrier redistribution takes place. The 'stripe-like' regions tend to disappear, and ferromagnetism is confined inside the small clusters. The system behaves as a cluster-glass for 0.1 < x < 0.2 or as a spin-glass for even smaller values of x. Indeed the set-up of a spin-glass phase needs good diffusion of the dopants in order to guarantee randomness and avoid correlations in the impurity positions [38] . This condition seems to be realized only for samples annealed at a sufficiently high temperature. For Sr content larger than x = 0.20, the system enters a 'disordered' ferromagnetic phase below T C . However, ferromagnetism can now be achieved even in the IS matrix, and the disappearance of the stripe-like regions with increasing annealing temperature is accompanied by a magnetic behaviour approaching that of a normal ferromagnetic material.
